To determine whether ventilated, low birth weight infants treated with closed versus open tracheal suction in a neonatal intensive care unit (NICU) differ as to airway bacterial colonization, nosocomial pneumonia, bloodstream infection (BSI), incidence and severity of bronchopulmonary dysplasia (BPD), neonatal mortality, frequency of suction, reintubation, and nurse preference.
Endotracheal suctioning of the ventilated patient helps to maintain an unobstructed airway by the elimination of unwanted bronchopulmonary secretions. Open endotracheal suction can create arterial and venous desaturations, [1] [2] [3] [4] [5] [6] [7] cardiac arrhythmias, 7 an increase in mean arterial and intracranial pressure, 8 -10 and transient bacteremia.
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Many of these side effects relate to the loss of positive end expiratory pressure and lung volume during the required disconnection from the ventilator. A closed multi-use suction catheter (Trach Care MAC; Ballard Medical Products, Draper, UT) introduced in the early 1980s obviated the need for ventilator disconnection, possibly avoiding some of these adverse side effects. In adults, it has been established that suction with a closed multi-use catheter, in comparison with open suction, resulted in fewer arterial and venous desaturations,
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ber of microorganisms into the trachea each time the patient is suctioned. 16 Comparison of open and closed suction systems in ventilated adults confirmed that bacterial airway colonization was more common among patients in the closed group, but that the rate of nosocomial pneumonia in both groups of patients was similar. [17] [18] [19] Comparisons between closed and open suction systems in mechanically ventilated newborns have not been reported. Bacterial airway colonization, nosocomial pneumonia, and nosocomial bloodstream infections (BSIs) are important issues in neonatal care; therefore, a prospective randomized investigation was undertaken to study mechanically ventilated neonates treated with either closed or open suction systems.
METHODS
A total of 175 infants consecutively born in our institution (1997 to 1999) with birth weights of Յ1250 gm, intubated at birth, and admitted to the neonatal intensive care unit (NICU) were studied. The assignment to a closed or open traditional suction system was made for the first patient by the flip of the coin. Thereafter, neonates were assigned alternatively to one suction system or the other. Because this study was a product evaluation of approved medical devices, there was no need to obtain consent.
On admission to the NICU, all mechanically ventilated infants were considered at risk for early onset sepsis and were treated with ampicillin (100 mg/kg per day intravenously given in two doses every 12 hours) and gentamicin (5 mg/kg per day intravenously given in two doses every 12 hours). This regimen was continued for 3 days if blood cultures were negative and for 5 to 7 days if blood cultures were positive. All newborns were treated with a neonatal pressure-limited time-cycled ventilator and, when indicated, with a high-frequency device. Umbilical arterial catheterization was performed for blood gas monitoring. In those infants who received long-term intravenous therapy, umbilical or central venous catheterizations were also done. Exogenous surfactant (Survanta; Ross Products Division, Abbott Laboratories, Columbus, OH) was given at the manufacturer's recommended dosage.
A blood culture and complete white blood cell count were obtained on admission to the NICU, and thereafter as clinically indicated. Nosocomial BSI was defined by traditional clinical signs, hematologic abnormalities, and a positive blood culture beginning after 2 days of life. Suspected nosocomial BSI was treated with gentamicin (see above) and vancomycin (30 mg/kg per day intravenously given every 8 hours or every 12 hours). Once blood culture isolates were identified, therapy was changed according to antibiotic susceptibilities. Bacterial tracheal aspirate cultures were obtained on admission to the NICU and weekly thereafter. After saline solution (0.5 ml) was placed into the endotracheal tube (ET), it was suctioned, collected, and processed immediately, or stored at 4°C for up to 24 hours. Airway bacterial colonization was defined as the presence of Grampositive cocci and Gram-negative bacilli (GNB) in two or more tracheal aspirate cultures taken at least 1 week apart in infants without clinical or bacteriologic evidence of systemic or local infection. In cases of isolation of multiple organisms from the same tracheal aspirate cultures, the bacterial species found more consistently over time was considered to be the primary colonizer.
Bronchopulmonary dysplasia (BPD) was diagnosed clinically in infants who presented signs of respiratory failure, were on mechanical ventilation for Ͼ2 weeks, and were still treated with oxygen at 28 days of life. 20 According to clinical indications, infants with BPD were given dexamethasone sodium phosphate (0.5 mg/kg per day intravenously given in two doses every 12 hours) for 3 days, followed by dosage tapering. Throughout the study period, no infant received dexamethasone before 7 days of age. Severity of BPD was defined as the need for treatment with oxygen at 36 weeks postconceptional age and at the time of discharge from the hospital. 21, 22 Chest x-rays were taken for all infants with respiratory failure on admission to the NICU, daily for the first week, biweekly during the second week, and according to clinical needs thereafter. For the purpose of this study, radiographs were reviewed if they were taken within 2 days before, the day of, and the day after blood and tracheal cultures were positive.
"Probable" pneumonia was defined radiologically by new airspace disease or by parenchymal processes noted as diffuse coalescing densities (focal, multifocal, universal, or bilateral). 23, 24 Nosocomial pneumonia was defined by a radiologic diagnosis of probable pneumonia, together with a positive blood culture and a tracheal culture positive for a respiratory pathogen. 24, 25 BPD was evaluated radiologically using a scoring system that involved a quantitative assessment of air-space disease (0 to 3), edema (0 to 1), hyperinflation (0 to 2), emphysema (0 to 2), and fibrosis (0 to 2). 26 In our institution, current guidelines require that endotracheal suction be done every 8 hours or as needed. Infants known to desaturate during endotracheal suction receive a 10% increase in FIO 2 before the procedure and are returned to presuction oxygenation levels shortly after suction. The size of the suction catheters varies according to ET size (6 French for ET tubes of Յ2.5 and 8 French for larger ET tubes). Open suction begins with a brief disconnection from the ventilator to allow instillation of 0.3 ml of saline into the ET tube. After no more than six ventilator breaths, a new sterile catheter is introduced to the length of the ET or until mild resistance is encountered, this is followed by a 1-to 2-cm catheter withdrawal. Suction pressure of 80 torr is applied while withdrawing the catheter from the airway. This suction pass, which is limited to Ͻ5 seconds, is repeated (rarely more than once) for large, tenacious, or thick secretions. Whenever necessary, suction of the mouth is performed with the same suction catheter, previously rinsed with sterile water; the catheter is then promptly discarded as the patient is returned to presuction oxygenation levels. Closed suction begins when sterile saline is instilled through the irrigation port a few seconds before the catheter control valve is unlocked, and the catheter (inside the sheath) is advanced until the predetermined color mark matches the port or mild resistance is encountered. The catheter is then withdrawn while using suction pressure of 80 torr for no longer than 5 seconds. Suction pass is usu-ally repeated once (see above). The catheter is then irrigated with 0.3 ml of sterile saline at the irrigation port while applying suction. Ventilator tubing and multi-use catheters are changed daily. Suction of the mouth, when needed, is accomplished with a separate, sterile, disposable catheter.
A total of 44 NICU nurses were asked to judge the two suction systems as to ease of use, patient tolerance, and time consumption.
Data Collection and Statistical Analysis
Our NICU was managed under a plan of patient care that did not change over the study period. Tracheal and blood cultures were collected prospectively, and patient demographic and clinical information was obtained from hospital records. Subgroups were formed for specific analysis. The results are reported as mean (SD) for all variables; unpaired Student's t-tests were used to analyze the significance of the difference of group means for birth weight and gestational age. Duration of mechanical ventilation and length of hospital stay were compared using the Mann-Whitney U test. A -squared test of proportions was used for neonatal mortality, use of umbilical arterial and venous catheters, oxygen supplementation at 36 weeks postconceptional age and at the time of discharge, premature rupture of membranes, and mode of delivery. BPD radiologic scores were compared with Friedman's nonparametric test.
RESULTS
Of the 175 patients that were originally recruited, 10 infants (5 from each group) died on or before 7 days of life, and 32 others (16 from each group) were successfully extubated within the same time frame. Those infants from the closed and the open suction groups that were excluded due to study design had similar birth weights (946 vs 990 gm), gestational ages (28 weeks), and comparable clinical and demographic variables. The remaining 133 infants (67 closed and 66 open) who stayed on a ventilator for Ͼ7 days comprised the study population (Table 1) . For these two groups of patients, overall survival rates (72% and 73%), mean birth weight (837 gm and 876 gm), gestational age (26 weeks), as well as other clinical and demographic variables were not statistically different. Age at the time of death averaged 20 days for the closed suction group and 16 days for open suction group. These were not significant differences.
Patterns of bacterial colonization of the airway among the two groups of patients were comparable (Figure 1) . Regardless of group assignment, most of the tracheal cultures taken during the first week were negative, but Gram-positive cocci were isolated in the majority of specimens by the second week of mechanical ventilation. Conversely, GNB airway colonization was rare during the first week and was more common after the third week. Coagulase-negative Staphylococcus alone was isolated from the airways in half of the cases, and coagulase-negative Staphylococcus together with GNB were isolated in the others (Table 2 ). Environmental flora, (Pseudomonas aeruginosa, Serratia marcescens, and Acinetobacter baumannii) were identified in approximately one-fourth of the cases, enteric flora (Klebsiella pneumoniae, Enterobacter cloacae, and Escherichia coli) were identified in half of the cases, and a combination of several GNB were identified in the remaining cases.
Nosocomial pneumonia was diagnosed in five patients in the closed group and in six patients in the open group. P. aeruginosa was the pathogen identified in five cases (four died), and K. pneumoniae, E. cloacae, and E. coli were identified in the other three cases (all survived).
Nosocomial BSIs due to coagulase-negative Staphylococcus affected seven infants (four from the closed group and three from the open group); all survived. GNB was responsible for five BSIs in the closed group (P. aeruginosa, three cases; E. cloacae, one case; Klebsiella oxytoca, one case) and seven BSIs in the open group (P. aeruginosa, four cases; E. cloacae, one case; E. coli, one case; K. pneumoniae, one case). None of these differences were statistically significant.
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The number of endotracheal suctions per patient per day (4.4 and 4.1) and the number of reintubations per 100 ventilator days (9.7 and 8.6) occurred with the same frequency for the closed and open groups (Table 2) . Median radiologic scores for BPD in relation to the day of positive blood or tracheal aspirate were 3, 3.7, and 3 for infants in the closed group and were 3.8, 3, and 3.5 for infants in the open suction group. Thus, there were no significant differences in BPD scores within or across study groups. A total of 30 infants from the closed group and 31 infants from the open group were on supplemental oxygen at 36 weeks postconceptional age. At the time of discharge home, the number of infants on oxygen was reduced to 26 and 27, respectively (Table 3) . A total of 40 of the 44 (91%) NICU nurses experienced with the two systems considered closed suction to be easier to use, better tolerated by the infants, and less time-consuming.
DISCUSSION
Chronic colonization of the infant respiratory tract is an issue aside from the incidence of nosocomial infection. Previous studies have shown that airway colonization with GNB is associated with lung injury in baboons 27 and with the severity of BPD in humans. 28 Shortly after intubation, the inside of the ET colonizes with oropharyngeal or respiratory flora. Most bacteria, especially slime-producing species, develop a biofilm that supports the persistence of a significant number of microorganisms. Repeated endotracheal suctions, particularly after saline instillations, 29 could dislodge bacteria into the trachea. 30 Our number of suctions did not increase with the closed system, and airway colonization with GNB occurred with the same frequency, regardless of the type of suction used. Ritz et al. 31 studied autocontamination of closed multi-use catheters and found that catheters changed 24 hours apart were not a problem.
The use of mechanical devices, such as suction apparatus, is of concern in the care of ventilated infants, because pneumonia and BSIs are the most common nosocomial infections among NICU patients. 32, 33 These nosocomial infections are strongly associated with duration of mechanical ventilation as well as infant birth weight, length of hospital stay, and the presence of indwelling venous catheters. 32, 33 Because all of these factors occurred with similar frequency in our open and closed suction groups, nosocomial infections (pneumonia as well as BSIs) do not appear to be a major issue in the choice between suction apparatus types.
In addition, neither the incidence nor the severity of BPD differed between the two study groups. The radiologic BPD score used here varies slightly from that described originally by Edwards and later validated by Toce et al., 26 and is internally consistent and valid for comparisons between subgroups of patients. There were no differences between BPD scores for patients in either study group. Although it is reassuring that the closed system does not promote universal GNB colonization in infants, our study clearly shows that it does not reduce the risk for long-term respiratory complications in premature infants.
Occlusions of the ET with secretions as well as accidental tube dislodgements are the most common reasons for reintubations. Our incidence of reintubations in mechanically ventilated premature infants was 9.7 and 8.6 times per 100 ventilator days for the two suction systems; this is considerably higher than the 1.3 times per 100 intubation days reported in older infants and children who were intubated for ϳ4 days and ventilated for an average of 2 days. 34 The older age, level of alertness, nature of the underlying disease, and duration of ventilation may explain the difference in the rate of unexpected extubations between the two studies.
Closed suction is well accepted by nurses 35 because it is less timeconsuming, 7 removes respiratory secretions at least as efficiently as open suction, 36 and obviates the need for ventilator disconnection. Unlike open suction, it presents less chance of cross-contamination and environmental pollution of objects and personnel with bacterial and viral pathogens. 37 Nursing satisfaction and efficiency is an essential component in considering the real cost of patient procedures. Cost GPC, Gram-positive cocci. None of these differences were statistically significant. GPC, Gram-positive cocci; PCA, postconceptional age. None of these differences were statistically significant.
effectiveness was an issue that was raised early, 12 but in a recent, more elaborate study in adults suctioned up to 15 times per day, DePew et al. 38 concluded that closed suction was less expensive. In our institution, five open system kits cost $10 and a multi-use catheter costs $15.
Because approximately two open-suction kits are used every day for oropharyngeal suction on those infants in the closed-suction group, an additional $5 should be added. Factoring nursing time into the cost calculation makes these differences negligible.
CONCLUSIONS
Closed suction, when catheters are changed every 24 hours, obviates the physiological disadvantage of ventilator disconnection without increasing the rate of bacterial airway colonization, frequency of endotracheal suction or reintubations, duration of mechanical ventilation, length of hospitalization, incidence of ventilator-associated pneumonia, nosocomial BSI, severity of BPD, and neonatal mortality. Although slightly more expensive, a closed suction system is perceived by nursing staff to be easier to use, less time-consuming, and better tolerated by small premature infants requiring mechanical ventilation for Ն1 week.
